Phenylketonuria (PKU) is an autosomal recessive metabolic disorder caused by a deficiency of phenylalanine hydroxylase (PAH). The accumulation of phenylalanine leads to severe mental and psychomotor retardation, and hypopigmentation of skin and hair. Low-phenylalanine diet therapy can prevent irreversible damage if instituted from birth. However, poor compliance with the strict lifelong dietary therapy leads to various neurologic and behavioral problems. To develop a safe and promising gene therapy method for PKU, we investigated whether a recombinant adeno-associated virus could be used as a PAH gene transfer vector to reduce the excessive phenylalanine level in the PKU mouse model. A recombinant adeno-associated virus vector encoding the human PAH gene (rAAV-hPAH), driven by EF1-␣ promoter, was infused into PAH-deficient mice, Pah enu2 , via the hepatic portal vein. Two weeks after injection, the plasma phenylalanine level dramatically decreased to 360 M in male PKU mice, accompanied by the coat color changing to black. The mean plasma phenylalanine level of untreated PKU mice was 1800 M. The PAH enzyme activities of treated mice increased to 10 -17% of wild-type mice. No signs of liver toxicity were observed after gene transfer. The biochemical and phenotypic corrections were sustained for up to 25 wk (25-wk detection period). In contrast, the treatment was less effective in female PKU mice. These results indicate that recombinant adenoassociated virus vector-mediated gene therapy can be a useful therapeutic candidate for patients with PKU. Further studies are needed to clarify the differences in PKU pathogenesis in males and females, and to explore alternative administration routes besides hepatic portal vein injection. Abbreviations PKU, phenylketonuria PAH, phenylalanine hydroxylase AAV, adeno-associated virus rAAV-hPAH, recombinant adeno-associated virus vector encoding human phenylalanine hydroxylase cDNA BH 4 , tetrahydrobiopterin RT-PCR, reverse-transcriptase polymerase chain reaction TLC, thin layer chromatography PKU (MIM 261600) is an autosomal recessive metabolic disorder caused by a number of mutations, primarily singlebase substitutions, in the PAH gene, located on chromosome 12q22-24.1 (1, 2). This disorder is characterized by the disruption of phenylalanine metabolism due to the lack of phenylalanine hydroxylase activity. PAH (L-phenylalanine-4-monooxygenase, EC 1.14.16.1), predominantly expressed in liver, catalyzes the conversion of the essential amino acid phenylalanine into tyrosine using BH 4 as a cofactor (3, 4). The loss of this enzymatic activity results in the accumulation of phenylalanine and its abnormal derivatives in the blood and other tissues. Excessive blood phenylalanine concentration causes severe mental and psychomotor retardation from toxicity to the CNS, although the exact mechanism is not well known, and other clinical symptoms such as hypopigmentation of skin, hair, and eyes, growth failure, and "mousy" odor (5, 6).
PKU (MIM 261600) is an autosomal recessive metabolic disorder caused by a number of mutations, primarily singlebase substitutions, in the PAH gene, located on chromosome 12q22-24.1 (1, 2) . This disorder is characterized by the disruption of phenylalanine metabolism due to the lack of phenylalanine hydroxylase activity. PAH (L-phenylalanine-4-monooxygenase, EC 1.14.16.1), predominantly expressed in liver, catalyzes the conversion of the essential amino acid phenylalanine into tyrosine using BH 4 as a cofactor (3, 4) . The loss of this enzymatic activity results in the accumulation of phenylalanine and its abnormal derivatives in the blood and other tissues. Excessive blood phenylalanine concentration causes severe mental and psychomotor retardation from toxicity to the CNS, although the exact mechanism is not well known, and other clinical symptoms such as hypopigmentation of skin, hair, and eyes, growth failure, and "mousy" odor (5, 6) .
These symptoms can be prevented by a strict, lifelong dietary restriction of phenylalanine from early infancy. Although relatively successful, dietary therapy is a heavy burden on patients and their families and leads to poor compliance, particularly in adolescents and young adults (7, 8) . Poor com-pliance or discontinuation of dietary therapy can result in various neurologic and behavioral problems, such as loss of intellectual function, tremor, and hyperactivity (9) . In addition, increased blood phenylalanine through noncompliance to diet during pregnancy has an effect on offspring, leading to birth defects (10) .
Many studies have been performed to develop methods that can efficiently remove excessive phenylalanine from body fluids, to replace the arduous dietary treatment. Generally, gene transfer technology has been used to deliver recombinant PAH gene into somatic cells and restore functional protein (11) (12) (13) (14) . The gene transfer experiments using recombinant retrovirus and DNA-protein complexes provided profound effectiveness in vitro, but there has been little progress in vivo because of low transduction efficiencies and limitations of application (12, 13) . Although a recombinant adenovirus-mediated gene delivery method displayed sufficient therapeutic effect to normalize serum phenylalanine levels soon after intraportal infusion, prolonged correction was not detected owing to the immune response against the adenoviral vector (12, 14) . Repeated administration of immunosuppressants was required to block the host immune reaction and elicit persistent reversal of hypopigmentation, a characteristic of PKU (14) .
In this study, we used the recombinant AAV vector as a gene delivery vehicle. AAV is a small, nonenveloped, singlestranded DNA virus that is not pathogenic in humans and could transduce a variety of cell types, both dividing and terminally differentiated cells, inducing sustained therapeutic gene expression and relatively weak immune response (15, 16) . It has been widely used for gene therapy studies in inherited diseases such as hemophilia B (17, 18) and Fabry disease (19) with promising results. Here, we report the cognitive outcome of biochemical and phenotypic reversal by the AAV-mediated gene delivery of a human PAH transgene.
MATERIALS AND METHODS

Production of rAAV-hPAH viral vector.
The parent plasmid pAAV-EF-eGFP-WPRE-BGHpoly(A), based on AAV type 2, was created as previously described (20) with minor modification. Full-length human PAH cDNA, phPAH247 (American Type Culture Collection, Manassas, VA, U.S.A.) was subcloned into pAAV-EF-eGFP-WPRE-BGHpoly(A) by substitution with eGFP cDNA. The rep/cap plasmid, pAd/AAV, and the adenovirus helper plasmid, pAd12, were used to produce rAAV-hPAH. All three plasmids, pAAV-EF-hPAH-WPREBGHpoly(A), pAd/AAV, and pAd12, were transfected into 293T cells using calcium phosphate. At 48 h after transfection, cells were pelleted by centrifugation and resuspended in 5 mL of tissue dissociation buffer (140 mM NaCl, 5 mM KCl, 0.75 mM K 2 HPO 4 , 25 mM Tris-HCl, pH 7.4). The cell pellet was thawed at 37°C, and Benzonase (Sigma Chemical, St. Louis, MO, U.S.A.) was added to a final concentration of 20 U/mL. Sodium deoxycholate (Sigma Chemical) was added to a final concentration of 0.5% and the suspension was incubated for 1 h. The homogenate was purified and concentrated by cesium chloride (Sigma Chemical) density gradient ultracentrifugation. Fractions with a refractory index of 1.371-1.373 were pooled and dialyzed (Pierce Chemical, Rockford, IL, U.S.A.) against PBS. Refractory indices were determined using a refractometer (Leica, Buffalo, NY, U.S.A.). The rAAV-hPAH genomic titer was determined by real-time quantitative PCR using the ABI7700 (Applied Biosystems, Foster City, CA, U.S.A.), in which the signal from aliquots of test material is compared with a standard signal generated using the linearized pAAV-EF-hPAH-WPRE-BGHpoly(A) plasmid.
Cell lines. Human embryonal kidney cell line, 293T, hepatoma cell line, HepG2, and NIH3T3 cell line were propagated in Dulbecco modified Eagle medium supplemented with heatinactivated 10% fetal bovine serum and antibiotics.
Animals. The animal protocol was approved by the Korean National Institutes of Health intramural research committee. All animals were treated according to the Korea Food and Drug Administration and National Institutes of Health guidelines for animal care. A pair of PAH-deficient mice, Pah enu2 , purchased from the Jackson Laboratories (Bar Harbor, ME, U.S.A.), were maintained and bred to obtain sufficient numbers of Pah enu2 homozygote mice for this study. Clinical features of the mouse model mirror those of patients with PKU, including pronounced hypopigmentation of the coat color as a result of reduced melanin biosynthesis, elevated serum phenylalanine level (Ն1800 M), behavioral abnormalities, and maternal PKU syndrome (21, 22) . Mice had unlimited access to water and a diet containing 18.0% protein without phenylalanine restriction (Rat & Mouse 18%, PMI Nutrition International, Brentwood, MO, U.S.A.) throughout the whole experimental period. Five-to six-week-old mice were anesthetized with ketamine/xylazine and injected with 2 ϫ 10 11 or 2 ϫ 10 12 viral particles of rAAV-hPAH into the hepatic portal vein, tail vein, and the right quadriceps muscle. Animals were killed and analyzed at 2, 5, 15, and 25 wk after rAAV-hPAH administration. At least three Pah enu2 homozygote mice were grouped and treated for experiment at each time point. Blood samples were collected at various time points. The liver, kidney, heart, and lungs were isolated from each rAAV-injected Pah enu2 mouse along with age-matched wild-type control mice and untreated Pah enu2 mice for analysis. Plasma phenylalanine assay. Quantitative analysis of plasma phenylalanine and tyrosine was carried out using HPLC (Biochrom20, Pharmacia, Cambridge, UK). The method involves deproteinization of a small sample volume of plasma (300 L) followed by HPLC on a cation-exchange resin column, PEEK (lithium form, 9 m, 46 ϫ 250 mm). Ninhydrin reacts with the amino acids to form colored compounds, and these reactants are quantified by UV detection at 570 nm. The flow rate was 25 mL/h in a gradient of six mobile phases (pH 2.80, pH 3.00, pH 3.15, pH 3.50, pH 3.55, LiOH), and the duration of each analysis was 170 min. The detection limit for this method is 400 nM.
PAH enzyme assay. PAH enzyme assay in tissue was performed based on previously reported methods (23) . Briefly, the frozen tissue was homogenized in 0.1 M KH 2 PO 4 buffer (pH 7.0) containing 3 mM DTT, and sonicated. The homogenate was centrifuged at 13,000 ϫ g for 20 min at 4°C, and the supernatant was used for the PAH enzyme assay. The enzyme activity was assayed by measuring the production of Genomic DNA PCR analysis. Genomic PCR was performed using 100 ng of total genomic DNA extracted from PKU mouse liver. Detection of the specific human PAH sequence was described in "RT-PCR analysis" above. Endogenous mouse ␤-actin genomic sequence was also amplified to equalize quantity (forward primer, 5'-TGACGGGGTCACCCA-CACTGTGC-CCATCTA-3'; reverse primer, 5'-CTAGAAG CATTTGCGGTGGACGATGGAGGG-3').
RT-PCR analysis. To assay distribution of recombinant viral vector in liver and other organs, RT-PCR was performed. Total RNA was isolated using an RNeasy Mini kit (QIAGEN GmbH, Hilden, Germany). RT reaction was conducted using 100 pmol/L random primer (Takara Shuzo, Kyoto, Japan). The PCR amplification reaction of the cDNA was performed on each RT reaction sample, negative controls, and "notemplate" controls using GeneAmp PCR System 9700 (Applied Biosystems). For detection of specific human phenylalanine hydroxylase sequence, the following primers were used at 25 pmol: forward primer, 5'-GAAAACCCAGGCTT-GGGCAGG-3'; reverse primer, 5'-CCGAGAGGAAAGCAG-GCCAGCCAC-3'. These primers amplify a 730-bp vectorspecific band. Primers to mouse ␤-actin were used as an internal control (530 bp) (forward primer, 5'-CCCACACTGT-GCCCATCTAC-3'; reverse primer, 5'-AGTACTTGCGCT-CAGGAGGA-3'). After PCR amplification, samples were electrophoresed on 1% agarose gels and visualized with ethidium bromide. Gels were photographed with UV illumination and scored as positive only if a product band was easily visible.
Anti-IgG immune response. Sera were collected at 1, 2, and 5 wk after injection, and the antibody response against total IgG was measured by ELISA (Roche Molecular Biochemicals, Mannheim, Germany). Briefly, 96-well, flat-bottom microtiter plates were coated with anti-mouse-Fc and blocked. Subsequently, sera were serially diluted in blocking reagent and incubated. After washing, the conjugate mixture (anti-mouse--POD and anti-mouse--POD) was added and incubated. ABST substrate was added and incubated. The OD at 405 nm was determined with a Versamax Microplate reader (Molecular Devices, Menlo Park, CA, U.S.A.).
Statistical analysis. The statistical significance levels of differences between groups were determined using t test. The data are presented as mean Ϯ SD.
RESULTS
Expression and activity assay of rAAV-hPAH after in vitro transduction. Because PAH activity is not present in NIH3T3 cells, we used these cells as the negative control cell line for the in vitro assay. The transgene, human PAH cDNA, was driven by a human elongation factor 1-␣ promoter and endowed with more stability by woodchuck hepatitis virus posttranscriptional regulatory element (WPRE), and the polyadenylation site was provided by the BGH poly(A). NIH3T3 cells were infected at an MOI of 1000, at 60% cell density. Two days after injection, protein was isolated from rAAV-hPAH transduced, untransduced, and rAAV-eGFP mock-transduced cells and used for detection of enzyme expression and activity (Fig. 1) . NIH3T3 cells infected with rAAV-eGFP and hepa- 280 toma cell line HepG2 were used as negative and positive controls, respectively. The rAAV-hPAH transduction resulted in human PAH expression in the transduced cells, but there was no expression in the untransduced or rAAV-eGFP mockinfected control (Fig. 1A) . Protein bands (52 kD) were observed in HepG2 positive control cells and transduced cells, using a monospecific anti-PAH antibody. The enzyme activity assay measuring the conversion of [
14 C]phenylalanine to [ 14 C]tyrosine also showed results consistent with the Western blot analysis (Fig. 1B) .
In vivo expression of PAH after delivery of virus. Basal plasma phenylalanine level of untreated PKU mal mice was 1800. 6 (Fig.  2) .
Plasma phenylalanine levels in treated female mice infused with 2 ϫ 10 12 viral particles were 1183 Ϯ 667 M at 5 wk after injection, although the plasma phenylalanine levels in untreated female mice were higher than in untreated male mice, 2887 Ϯ 648.7 M. Treatment with low-dose viral particles (1 ϫ 10 11 ) was not effective for reducing plasma phenylalanine level in either male or female mice.
Coat color change in treated male PKU mice gradually progressed from a grayish to black color. At 2 wk after delivery of rAAV-hPAH, the groups contained some fully black-coated mice and some partially black mice (Fig. 3) . Sustained coat color changes were detected over the whole experimental period. Slight coat color changes in treated female mice were observed from 2 wk after injection, but female PKU mice were easily distinguished from wild-type mice.
Significant enzymatic activities were observed at 2, 5, 15 and 25 wk in PKU male mice treated with the high titer (Fig.  4) . Hepatic PAH activities recovered, in high titer viral vectorinjected PKU mice, to levels ranging from 9.5% to 17% of wild-type mice. The low titer viral vector-administered male mice recovered only 6% of the normal PAH activity by 5 wk after injection. There was consistency between the hepatic enzyme activity and the reduction of plasma phenylalanine concentration at each time point (data not shown). Semiquantitative PCR using genomic DNA isolated from liver showed a decrease in recombinant DNA copy numbers at 25 wk after injection (Fig. 5A) . The hepatic PAH activity in PKU female mice treated with rAAV-hPAH was under the detection level in TLC analysis, although the same amounts of recombinant DNA copies were found in female mice as those in male mice at 5 wk (Fig. 5A) . Liver, spleen, kidney, heart, and lung from male mice, collected at 15 wk after injection, were examined using RT-PCR. Human PAH recombinant DNA was detected only in liver, not in the other organs examined (Fig. 5B) .
Comparison of therapeutic efficiencies by various administration routes. To compare whether therapeutic effect varies by changing administration routes, hepatic portal vein, tail vein, and intramuscular routes were investigated (Fig. 6 ). Only hepatic portal vein injection, but not tail vein injection and intramuscular injection, resulted in a significant decrease of plasma phenylalanine concentration to within the desired therapeutic range, reflecting the availability of transferred hPAH metabolic function in liver.
Examination of potential immune response and liver toxicity. Sera were collected at 1, 2, and 5 wk after injection and analyzed for anti-IgG antibody by ELISA. There was no significant difference in IgG levels in all sera from control and transduced mice at all time points. Various hepatic enzymes were tested to determine whether any liver damage and toxicity occurred due to the liver direct delivery of rAAV-PAH through the hepatic portal vein. At d 3, levels of untreated and rAAVhPAH-treated mice were 40 Ϯ 7.8 U/L and 22.3 Ϯ 4.8 U/L for alanine transaminase and 221 Ϯ 87 U/L and 105.33 Ϯ 55.4 for aspartate transaminase, respectively. There were no differences of these values at d 7. The levels of total bilirubin in the untreated and treated groups were both 0.1 mg/dL, which was within the normal range.
DISCUSSION
Gene therapy for patients with PKU would be one of useful therapeutic candidates to prevent brain damage due to discontinuation of the arduous dietary restriction treatment. The adenovirus vector-mediated PAH gene transfer has been reported with successful coat color change in PKU mice (14) . In this previous study, adenovirus-mediated gene transfer normalized the serum phenylalanine level within 24 h and changed coat color to black. Because the biochemical and phenotypic changes are important criteria for evaluating amelioration of PKU symptoms, this was an encouraging outcome in assessing the feasibility of gene therapy for PKU. However, administration of the immunosuppressant FK506 was required to block the host immune response to the adenovirus vector and to induce prolonged therapeutic effect. When the safety and the application to neonates in the clinic were considered, the practical use of adenovirus-mediated PAH gene transfer was considered inappropriate. The immunogenicity could reduce 
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efficacy of the transferred gene and hamper successful application. The AAV-mediated gene delivery method used in our study has minimal antigenicity and enables the induction of the desired outcome without obstruction by neutralizing antibodies. In fact, our data demonstrated a minimal development of neutralizing antibody in response to transferred recombinant viral vector containing PAH, as previously reported with AAV-mediated gene therapy (19, 24) . Furthermore, we sought to determine whether a specific liver toxicity appeared after injections of the viral vector through the hepatic portal vein, and also found no differences in plasma aspartate transaminase, alanine transaminase, and total bilirubin, markers for hepatic damage.
Our data demonstrate that the biochemical and phenotypic change sustained without immunosuppressants were long term. The decrease in plasma phenylalanine level was most obvious in the group infused directly to the liver through the hepatic portal vein with 2 ϫ 10 12 viral particles. The lowest plasma phenylalanine concentration was detected 5 wk after injection, and elevation of this value was observed at 25 wk. Although the plasma phenylalanine level in mouse is unlikely to be translated to humans, the levels achieved were within the values recommended by the National Society for PKU (UK) (below 480 M in the 1-10 y age group, and below 700 M in people older than 10 y) (8) . The semiquantitative genomic PCR analysis showed that the increase in plasma phenylalanine 
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level was due to the loss of the extrachromosomal vector genome. Nevertheless, the range remained below the level (Ͻ900 M) recommended to prevent brain damage (25) . When AAV vector stably transduced hepatocytes in experimental animals, nonintegrated extrachromosomal genomes were reported to be the major form of recombinant AAV in the liver and to be the primary source of recombinant AAV-based gene expression (26, 27) . It raised uncertainty whether rAAVhPAH expression could offer efficient lifelong treatment after single-dose administration. More stable and distinct outcomes might be achieved by changing regulatory elements and clarifying genotoxic causes that affect the stability of extrachromosomal genome, in addition to boosting of viral particles.
The PAH enzyme activities in the liver were closely correlated with plasma phenylalanine level and coat color change. This was a logical consequence, as tyrosine is synthesized from phenylalanine by PAH and is a precursor of melanin, which is important for coat color. In our experiments, the liver PAH enzyme produced activity that peaked at 17.4 Ϯ 2.9% at 5 wk after injection, and declined progressively to 9.5 Ϯ 2.6% at 25 wk, consistent with the plasma phenylalanine level. Reversal of hypopigmentation was detected from 10 d after administration and lasted for the whole experimental duration. At 25 wk, it is still difficult to distinguish the treated from wild-type normal mouse by coat color. All these results suggest that about 10 -20% of the normal enzymatic activity is enough to restore the phenylalanine levels regarded as safe.
Subsequently, we conducted gene therapy on female Pah enu2 mice and observed no normalization in coat color or plasma phenylalanine level. Although transduction efficiency of infused rAAV-hPAH in liver of Pah enu2 female mouse was same as that of male mouse, the hepatic PAH activities in treated Pah enu2 female mice were almost silent. Laipis et al. (28) previously reported that ovariectomy and implantation of a time-release testosterone pellet were required for treatment of female PKU mice differently from PKU male mice. Pah enu2 female mice differ from the males in endocrine activity and often have higher plasma phenylalanine levels than males. This would probably contribute to resistance in the females to AAV-mediated gene therapy. Further experiments remain to be performed, including characterization of the pathogenesis in females, identifying different susceptibilities by sex hormone, and identifying a more potent promoter for females to enhance us to apply gene therapy for female patients with PKU.
The hepatic portal vein is conventionally used as a way to transfer the therapeutic gene to compensate for a defective gene that is normally expressed in the liver. However, there are limitations in clinical application in delivering recombinant viral vectors into the hepatic circulation via intraportal injection, as surgery is involved. Treatment of most metabolic diseases, such as PKU, needs to be initiated early in the neonatal period to protect from brain damage. Therefore, it is necessary to investigate less invasive, more efficient, and simple delivery routes for prospective application to neonate patients. A study with such an objective reported that the clearance of phenylalanine by expression of phenylalanine hydroxylase and GTP-cyclohydrolase through genetic engineering in primary human skin keratinocytes was obtained (29) . If a few limitations such as clearance yields were modified, this strategy would be a useful approach to the treatment of PKU. Among administration routes tested in our studies, liver-directed gene delivery through the hepatic portal vein was most effective. Intramuscular and intravenous administrations are preferred because of their simplicity and low invasiveness. However, our experiments displayed their ineffectiveness in treating PKU. Intravenous administration resulted in insufficient PAH production to induce therapeutic effect, because only a small fraction of infused rAAV-hPAH enters the liver, the substantial target for PAH production. Much higher titers of rAAV vector should be infused to achieve effectiveness from intravenous administration. The ineffectiveness of intramuscular administration was likely due to the lack of synthesis or recycling of BH 4 , which helps PAH hydroxylate phenylalanine in tissues. BH 4 is probably present in all tissues, but is generally abundant in liver (30) . Recombinant viral vector sequestered in muscle would not induce phenylalanine oxidation at high activity, owing to a deficit of cofactor in this tissue. Expression of BH 4 to an extent sufficient to assist enzymatic hydroxylation is required to overcome this kind of limitation of heterologous gene therapy.
Taken together, we revealed that recombinant AAVmediated human PAH gene transfer in mice induced a longterm, stable therapeutic effect without immunity and toxicity, resulting in satisfactory biochemical and phenotypic corrections in the PKU animal model. These positive results demonstrate that recombinant AAV vector-mediated gene therapy could provide useful and improved treatment options in the clinical control of PKU and other inherited metabolic disorders. Exploration of less invasive and more effective administration routes other than the hepatic portal vein and overcoming the ineffectiveness displayed in the female PKU mouse model are necessary to allow this strategy to be used for patients with PKU. 
AAV VECTOR GENE THERAPY IN THE PKU MOUSE
